Spontaneous vegetation succession after agricultural abandonment is a general phenomenon in many areas of the world. As important indicators of nutrient status and biogeochemical cycling in ecosystems, the stoichiometry of key elements such as carbon (C), nitrogen (N) and phosphorous (P) in soil and microbial biomass, and their responses to vegetation recolonization and succession after agricultural abandonment remain poorly understood. Here, based on a space-for-time substitution approach, surface soil samples (0-15 cm) were collected from four vegetation types, e.g., tussock grassland, shrubland, secondary forest, and primary forest, which represent four successional stages across this region. All samples were examined C, N and P concentrations and their ratios in soil and microbial biomass. The results showed that soil organic C and total N content increased synchronously but total soil P did not remarkably change along a progressive vegetation succession. Consequently, soil C:P and N:P ratios increased while C:N ratio stayed almost unchanged during vegetation succession. Soil microbial biomass C (SMBC) and microbial biomass N (SMBN) concentrations elevated while SMBP did not significantly change during vegetation succession. Unlike the soil C:N:P stoichiometry, however, microbial C:N and C:P ratios were significantly or marginally significantly greater in grassland than in the other three successional stages, while microbial N:P did not significantly vary across the four successional stages. Overall, the present study demonstrated that soil and microbial stoichiometry responded differently to secondary vegetation succession in a karst region of subtropical China.
Introduction
Carbon (C), Nitrogen (N) and Phosphorus (P) are three fundamental elements that constitute living organisms, and the biogeochemical cycles of C, N and P are tightly coupled. Since Redfield reported a relatively consistent atomic ratio of C:N:P (106:16:1) in both planktonic biomass and marine waters [1] , ecological stoichiometry, which focuses on the balance of multiple chemical elements in ecological interactions, is of growing interest worldwide. C:N:P stoichiometry is also generally used as a powerful indicator of biogeochemical cycles and nutrient status in ecosystems [2, 3] . Shifts in the C:N:P stoichiometry may exert strong influences on ecosystem structures, processes, and functioning [4] [5] [6] [7] .
Above-and belowground components of ecosystems are closely linked and interconnected [8, 9] . For example, the stoichiometry of C, N, and P in the soil could greatly determine aboveground vegetation
Materials and Methods

Study Region
This study was conducted in Maonan county (23 • (Figure 1) , which belongs to subtropical monsoon climate with mean annual air temperature of 17.8-21.1 • C. The mean annual precipitation ranges from 1346 to 1640 mm, and the time from April to September is recognized as the wet season and that from October to March is the dry season. The area has typical karst landscape, with gentle valleys surrounded by steep hills. The soil is categorized as Leptosols according to the FAO classification system [38] . 
This study was conducted in Maonan county (23°40′ N-25°25′ N, 107°35′ E-108°30′ E) in the northwest of Guangxi Zhuang Autonomous Region, Southwest China (Figure 1 ), which belongs to subtropical monsoon climate with mean annual air temperature of 17.8-21.1 °C. The mean annual precipitation ranges from 1346 to 1640 mm, and the time from April to September is recognized as the wet season and that from October to March is the dry season. The area has typical karst landscape, with gentle valleys surrounded by steep hills. The soil is categorized as Leptosols according to the FAO classification system [38] . 
Soil Sampling
An approach of space-for-time substitution was adopted in the study. Grassland, shrubland and secondary forest, which naturally regenerates from maize-soybean fields, were selected to represent three post-agricultural successional stages with a primary forest as reference. The land use history for grassland, shrubland and secondary forest was obtained by interviewing local residents. The duration of agricultural abandonment approximately ranged from 5 to 10 years, 10 to 20 years and 30 to 50 years for grassland, shrubland, and secondary forest, respectively. The stand characteristics are presented in Table 1 .
The field sampling was carried out between the mid of May and early June in 2017. Six sampling sites were selected for each vegetation type, and a plot of 20 m × 20 m was established at each sampling site. The distance for each sampling sites ranged from 500 m to 2 km. Surface soil samples (0-15 cm), which is the layer always with the highest organic matter content and greatest microbial activity through the soil profile, were collected with a stainless-steel auger (5 cm in diameter). We collected 10 soil cores randomly at each plot and mixed thoroughly to form a composite sample. Fresh soil samples were stored in a cool box until transported to the laboratory. After transporting to the laboratory, the fresh soils were hand-sorted to remove roots and stones and sieved to pass a 2 mm mesh. A subsample of the fresh soil was stored at 4 °C for analysis of soil microbial biomass. The other subsample of fresh soil was further air-dried and ground to pass through a 0.25 mm sieve for measurements of soil organic carbon (SOC), total soil N (TN) and total soil P (TP). 
An approach of space-for-time substitution was adopted in the study. Grassland, shrubland and secondary forest, which naturally regenerates from maize-soybean fields, were selected to represent three post-agricultural successional stages with a primary forest as reference. The land use history for grassland, shrubland and secondary forest was obtained by interviewing local residents. The duration of agricultural abandonment approximately ranged from 5 to 10 years, 10 to 20 years and 30 to 50 years for grassland, shrubland, and secondary forest, respectively. The stand characteristics are presented in Table 1 . The field sampling was carried out between the mid of May and early June in 2017. Six sampling sites were selected for each vegetation type, and a plot of 20 m × 20 m was established at each sampling site. The distance for each sampling sites ranged from 500 m to 2 km. Surface soil samples (0-15 cm), which is the layer always with the highest organic matter content and greatest microbial activity through the soil profile, were collected with a stainless-steel auger (5 cm in diameter). We collected 10 soil cores randomly at each plot and mixed thoroughly to form a composite sample. Fresh soil samples were stored in a cool box until transported to the laboratory. After transporting to the laboratory, the fresh soils were hand-sorted to remove roots and stones and sieved to pass a 2 mm mesh. A subsample of the fresh soil was stored at 4 • C for analysis of soil microbial biomass. The other subsample of fresh soil was further air-dried and ground to pass through a 0.25 mm sieve for measurements of soil organic carbon (SOC), total soil N (TN) and total soil P (TP).
Chemical Analysis
The SOC was determined by wet oxidation with KCr 2 O 7 + H 2 SO 4 and titrate with FeSO 4 [39] . The TN was determined by an elemental analyzer (EA 3000, EuroVector, Italy). The TP was measured by a colorimetric method after acid digestion with a H 2 SO 4 + HClO 4 solution [40] . Soil microbial biomass C (SMBC), soil microbial biomass N (SMBN), and soil microbial biomass P (SMBP) were analyzed by the chloroform fumigation-extraction method [41, 42] .
Data Analysis
In the study, the ratios of soil and microbial biomass C:N, C:P, and N:P were calculated on a molar basis. Statistical analyses were conducted with SPSS v. 19 .0 (SPSS Inc., Chicago, IL, USA). Differences in C, N and P stoichiometric ratios in soil and microbial biomass among various successional stages were examined using a one-way analysis of variance (ANOVA) with Tukey's post-hoc test. Pearson's correlation was used to identify the relationships between stoichiometric ratios of C:N, C:P and N:P in the soil and microbial biomass. All reported significant differences in this study are at p < 0.05 unless otherwise stated.
Results
Soil C:N:P Stoichiometry
Both the SOC and TN concentrations were significantly greater in secondary and primary forests than those in shrublands and grasslands (Figure 2A,B) , while TP did not significantly differ among vegetation types ( Figure 2C ). No significant variation was observed in soil C:N ratio under different vegetation types ( Figure 2D ). The patterns for soil C:P and N:P ratio were similar, both of which were greater in primary forest relative to grassland and shrubland ( Figure 2E ,F). 
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Microbial C:N:P Stoichiometry
Both SMBC and SMBN concentration exhibited an increasing trend along a progressive succession of secondary vegetation, i.e., from grassland to shrubland and then to forest ( Figure 3A,B) . SMBP concentration was slightly lower in grassland, but no statistical difference was found across the four vegetation types ( Figure 3C ). The SMBC:SMBN ratio was significantly greater in grassland than that in shrubland, secondary forest and primary forest, and no significant difference was observed among the latter three vegetation types ( Figure 3D ). The SMBC:SMBP ratio was significantly higher in grassland relative to shrubland and secondary forest ( Figure 3E ). The SMBN:SMBP ratio did not significantly vary among various vegetation types ( Figure 3F ). 
Relationships between Soil and Microbial C:N:P Stoichiometry
According to the results of correlation analysis, SOC was highly correlated with TN, but did not correlate significantly with TP ( Table 2) . TP was significantly correlated with SMBC, as well as SMBN and SMBP (p < 0.05). Soil C:P ratio and N:P ratio was strongly correlated (p < 0.01, Table 2 ). In addition, SMBC:SMBN ratio and SMBC:SMBP ratio, as well as SMBC:SMBP ratio and SMBN:SMBP ratio, were significantly correlated (p < 0.05). In terms of relationships between soil and microbial C:N:P stoichiometry, a significant relationship was found only between soil N:P ratio and SMBN:SMBP ratio (p < 0.05). 
According to the results of correlation analysis, SOC was highly correlated with TN, but did not correlate significantly with TP ( Table 2) . TP was significantly correlated with SMBC, as well as SMBN and SMBP (p < 0.05). Soil C:P ratio and N:P ratio was strongly correlated (p < 0.01, Table 2 ). In addition, SMBC:SMBN ratio and SMBC:SMBP ratio, as well as SMBC:SMBP ratio and SMBN:SMBP ratio, were significantly correlated (p < 0.05). In terms of relationships between soil and microbial C:N:P stoichiometry, a significant relationship was found only between soil N:P ratio and SMBN:SMBP ratio (p < 0.05). Table 2 . Pearson's correlations coefficients (r) between the concentrations of C, N, P, and their stoichiometric ratios in the soil and microbial biomass. 
Discussion
Vegetation Succession Effects on Soil C:N:P Stoichiometry
Vegetation often plays an important role in mediating the C:N:P ratios in soil by absorbing/releasing these elements from/to soil. Our study demonstrated that soil C:N:P ratios varied along a progressive succession of secondary vegetation in the karst region of Southwest China (Figure 2) , supporting our hypothesis that vegetation succession after agricultural abandonment has a deep influence on soil nutrient status and biogeochemical cycling. Soil organic C and total N concentration increased synchronously during vegetation succession in the soil layer 0-15 cm. The remarkable increase of soil N after agricultural abandonment in this region could likely be attributed to biological N fixation. In addition, parent bedrocks might also be a potential contributor of N in this region [29, 33] . In this study, total soil P did not significantly vary after agricultural abandonment, similar to the findings of Wang et al. [43] who showed that there was no significant change in total soil P during 50 years vegetation restoration on Loess Plateau. In spite of vegetation change, the soil C:N ratio varied in a narrow range (11.2-14.8) ( Figure 2D ). This was in agreement with Li et al. [44] who observed soil C:N ratios were well-constrained (6.9-14.6) in subtropical ecosystems in China. However, soil C:P (100. 5-453.9 ) and N:P (7.4-43.4) ratios had a greater range of values than C:N ratio. Furthermore, both soil C:P and N:P ratios exhibited an increasing trend and highest in primary forest (Figure 2E ,F), indicating P limitation would be exacerbated as succession proceeds. Consistently, Zhang et al. [35] also suggested that, based on the plant community foliar N:P, nutrient limitation would change from N-limited in grassland to N and P co-limited in shrubland, and then to P-limited in secondary and primary forests during secondary succession in karst ecosystems. In addition, other studies also stressed the possible P deficiencies during the vegetation restoration in karst ecosystems [45] .
Vegetation Succession Effects on Microbial C:N:P Stoichiometry
In comparison with C:N:P stoichiometry in the bulk soil, nutrient concentrations and stoichiometric characteristics in microbial biomass have generally been considered more effective and sensitive indicators of soil fertility and nutrient limitation [6, 46] . The SMBC:SMBN ratio measured in this study ranged from 4.2 to 8.2 across successional stages, consistent with Hu et al. [37] who reported the SMBC:SMBN ratio ranged from 6.5 to 8.1, with a mean value of 7.3 in reforested land in the same region. Our results were also close to an average microbial C:N ratio of 8.6 at the global scale [2] . Being different from changes in the concentrations of SMBC and SMBN, i.e., increasing with progressive vegetation succession, both SMBC:SMBN ratio and SMBC:SMBP ratio were highest in grassland ( Figure 3D ,E). This could have resulted from the disproportionate increase of SMBC, SMBN, and SMBP during the process of secondary succession.
In contrast to Li et al. [44] who found significant correlation between soil C:P ratio and SMBC:SMBP ratio, we found a significant correlation (r = 0.54, p < 0.05) between the soil N:P ratio and SMBN:SMBP ratio, while the relationships were not evident between soil C:N ratio and SMBC:SMBN ratio as well as between soil C:P ratio and SMBC:SMBP ratio. Li et al. [44] suggested that elemental stoichiometry in the soil microbial biomass of the terrestrial ecosystems in southern subtropical China was possibly non-homeostatic, since C:N:P stoichiometry was found to correlate between microbes and the soil environment. In addition, many other studies also revealed that microbial C:N:P stoichiometry is flexible in response to environmental change [16, 17, 37] . Variations in microbial C:N:P stoichiometry under changing environmental conditions might be ascribed to shifts in microbial community structure, as species differ in C:N:P ratios [17, 18, 47] . Generally, fungi have a higher C:N ratio relative to bacteria [48] . Moreover, microorganisms are able to take up resources in excess and to store them in the form of e.g., glycogen or polyphosphates, resulting in variations in their biomass C:N:P ratio [46, 49, 50] .
Conclusions
Overall, in accordance with our hypotheses, both the soil and microbial C:N:P stoichiometry varied along a progressive vegetation succession after agricultural abandonment in a karst region of southwest China, suggesting an impact of vegetation succession on soil nutrient status. Specifically, soil C and N increased synchronously along with vegetation succession, resulting in an insignificant variation in soil C:N ratio. In addition, total soil P responded weakly to vegetation succession, leading to an increase in soil C:P and N:P ratio along vegetation succession. The increased C:P and N:P ratios in soil suggested P limitation would exacerbate during vegetation succession. Consistent with contents of soil C, N and P, both concentrations of SMBC and SMBN increased along with vegetation succession while SMBP concentration did not significantly differ across various successional stages. Unlike the soil C:N:P stoichiometry, however, SMBC:SMBN and SMBC:SMBP ratios were significantly or marginally significantly greater in grassland than other successional stages while SMBN:SMBP did not significantly vary across all the successional stages. The present study reveals a different response of soil and microbial stoichiometry to secondary vegetation succession in a karst region of subtropical China. Further investigation is required to uncover the associated ecological factors and underlying mechanisms for shaping these patterns of soil and microbial C:N:P stoichiometry. 
